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Eindhoven, the NetherlandsABSTRACT Dimethyl sulfoxide (DMSO) has been broadly used in biology as a cosolvent, a cryoprotectant, and an enhancer of
membrane permeability, leading to the general assumption that DMSO-induced structural changes in cell membranes and their
hydration water play important functional roles. Although the effects of DMSO on the membrane structure and the headgroup
dehydration have been extensively studied, the mechanism by which DMSO invokes its effect on lipid membranes and the direct
role of water in this process are unresolved. By directly probing the translational water diffusivity near unconfined lipid vesicle
surfaces, the lipid headgroup mobility, and the repeat distances in multilamellar vesicles, we found that DMSO exclusively
weakens the surface water network near the lipid membrane at a bulk DMSO mole fraction (XDMSO) of <0.1, regardless of
the lipid composition and the lipid phase. Specifically, DMSO was found to effectively destabilize the hydration water structure
at the lipid membrane surface at XDMSO <0.1, lower the energetic barrier to dehydrate this surface water, whose displacement
otherwise requires a higher activation energy, consequently yielding compressed interbilayer distances in multilamellar vesicles
at equilibrium with unaltered bilayer thicknesses. At XDMSO >0.1, DMSO enters the lipid interface and restricts the lipid head-
group motion. We postulate that DMSO acts as an efficient cryoprotectant even at low concentrations by exclusively disrupting
the water network near the lipid membrane surface, weakening the cohesion between water and adhesion of water to the lipid
headgroups, and so mitigating the stress induced by the volume change of water during freeze-thaw.INTRODUCTIONDimethyl sulfoxide (DMSO) has been broadly used for a
long time in biology for diverse applications (1). For
example, it works as an efficient cryoprotectant that pre-
vents cellular damage during freeze-thaw at relatively low
concentrations (<10 mol %) (2–5). DMSO at higher con-
centrations (>60 mol %) enhances cell membrane perme-
ability as a transdermal permeation enhancer in cosmetics
(6), as well as in drug delivery applications (7). Despite
the extensive use of DMSO in a broad range of biological
applications, its formulation is tuned purely empirically
and the basis of its diverse effects on biological membranes
is unclear. To understand the mechanism behind the
biological function of DMSO for its optimal and rational
implementation, it is essential to know how DMSO
influences the lipid membrane structure, as well as the hy-
dration water structure and dynamics at the membrane-
water interface.
In DMSO/water binary solutions, the DMSO oxygen can
form strong hydrogen bonds with the water hydrogens. A
microwave dielectric relaxation spectroscopy study reported
that the dielectric relaxation time is maximal at a DMSO
mole fraction in a DMSO/water mixture, XDMSO, of 0.33,
suggesting a stoichiometric composition of H2O-DMSO-
H2O (8). Moreover, the free energy of activation for theSubmitted April 21, 2015, and accepted for publication June 9, 2015.
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0006-3495/15/07/0330/10 $2.00dielectric relaxation process is increased by ~5 kJ/mol at
XDMSO ¼ 0.33, compared with that in pure water (8). Addi-
tionally, the self-diffusion coefficients of DMSO and H2O
are both found to be slowest between XDMSO ¼ 0.3 and
0.4 (9). Although the detailed structure and precise nature
of the DMSO-water hydrogen bonds are not fully under-
stood, it is clear that direct DMSO-water interaction is stron-
gest at a DMSO/H2O molar ratio of 1:2 (10,11).
DMSO at concentrations up to XDMSO ¼ 0.3 has
been shown to increase the surface tension of 1,2-dipalmi-
toyl-sn-glycero-3-phosphocholine (DPPC) monolayers at
the air-water interface (12) and to weaken the sharp
liquid expanded-to-liquid condensed phase transition by
enhancing the alkyl chain ordering even at low surface lipid
coverage (13–15). The influence of DMSO on fully
hydrated lipid bilayer structures is even more dramatic. In
the most frequently studied DPPC vesicle membranes,
several small angle x-ray scattering (SAXS) and small
angle neutron scattering studies revealed that the multila-
mellar repeat distance decreases sharply with increasing
DMSO concentration up to XDMSO ¼ 0.13, although the
thickness of the DPPC bilayer remains unchanged up to
XDMSO ¼ 0.3 (16–19). Not surprisingly, DMSO exerts
similar effects on the 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine bilayers in the fluid phase of decreasing the
interstitial water layers, although not affecting the bilayer
thickness up to XDMSO ¼ 0.4 (20), as well as decreasing
the repeat spacing for both the lamellar and the hexagonalhttp://dx.doi.org/10.1016/j.bpj.2015.06.011
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anolamine membranes (21). It is agreed that the decrease in
multilamellar repeat distance is a consequence of a reduc-
tion in the interbilayer interstitial water layer thickness,
whose origin was attributed to dehydration driven by
DMSO (16–19). DMSO has also been shown to generally
increase the phase stability of phosphatidylcholine (PC)
membranes (19,22). However, a mechanistic understanding
and direct evidence supporting the role of water in these pro-
cesses are missing.
The effect of DMSO on lipid bilayers has been studied
extensively bymolecular dynamics (MD) simulations, which
were carried out at elevated temperatures (T >25C) to
ensure that the lipidmembrane is in the fluid phase. Although
there are qualitative agreements among MD studies in that
DMSO can induce the bilayer thinning and pore formation
(23–26), the quantitative DMSO concentration at which the
specific changes of bilayer structures occur is model-depen-
dent. Of importance, the qualitative change induced by
DMSO according to MD simulation contradicts experi-
mental results. At XDMSO <0.1, MD simulations reported
that DMSO increases the area per lipid and induces mem-
brane thinning in the fluid phase (23–26) for both DPPC
and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
membranes. This finding is contrary to experimental results
which unambiguously show that the bilayer thickness re-
mains constant in DPPC (18) and 1,2-dimyristoyl-sn-glyc-
ero-3-phosphocholine (20), not only in the gel, but also in
the fluid phase at elevated temperatures. MD simulations
also suggest that increasing DMSO concentration causes
pore formation in the lipid bilayer (23–26), which can be
reconciled with experimental findings that higher DMSO
concentration enhances the solvent permeability of the cell
membrane (6). If the DMSO concentration is higher than
needed for stable pore formation, the bilayer structure
becomes unstable and disintegrates according to MD
simulations (23,24). However, such membrane rupture has
never been experimentally observed at high DMSO
concentrations.
The challenge is that despite an extensive list of experi-
mental and computational research reported on the phase
behavior and structural changes of lipid self-assemblies
induced by DMSO (16–26), there are no experimental
studies on directly examining the DMSO-induced modula-
tion of the hydration water structure and dynamics at
the lipid membrane surface. In this work, we report on
changes in the local translational diffusivity of water near
lipid bilayer surfaces measured by Overhauser dynamic
nuclear polarization (ODNP) relaxometry (27–30), as
induced by the addition of DMSO at a low concentration
of XDMSO <0.1, although in contrast the lipid structure
and lipid headgroup ordering remain unaffected by
DMSO. Changes in the translational diffusivity of hydration
water near the lipid bilayer surface, in the absence of
confinement effects, offer direct experimental evidence forthe effect of DMSO on the hydrogen bond breaking and re-
forming equilibrium, and so on the strength of the cohesive
water network hydrating the lipid membrane headgroups.
However, instead of DMSO replacing the hydration water
of the lipid headgroups, which has been implied by several
studies as a dehydration effect in the literature (16,17,26),
our experimental results converge to a molecular model in
which DMSO competes for the surface hydration water to
weaken its attraction to lipid headgroups of large unilamel-
lar vesicles (LUVs), as well as to weaken the cohesive
hydration water network by preferential orientation of
DMSOwith its sulfoxide moiety facing away from the water
solvent. Under these conditions, when lipid surfaces closely
approach each other, as found in the interstitials of multila-
mellar vesicles (MLVs), the dehydration and expulsion of
surface water in the weakened hydration layers is facilitated
by DMSO, resulting in a decreasing equilibrium interstitial
(interlamellar) distance.MATERIALS AND METHODS
Materials
All lipids were obtained from Avanti Polar Lipids (Alabaster, AL) and used
without further purification. Deuterated DMSO (DMSO-d6, 99.9%) was
acquired fromCambridge Isotope Laboratories (Andover,MA). Cholorform
andmethanol used for dissolving the lipids were obtained fromFisher Scien-
tific (Pittsburg, PA). In this study, the lipid constituents for the LUVandMLV
membranes were DPPC or DPPC/dipalmitoyl phosphatidylglycerol (DPPG)
(4:1 mol ratio) that are in the gel phase at 25C, and DOPC or DPPC/1,2-di-
oleoyl-3-trimethylammonium-propane (DOTAP) (4:1 mol ratio) that are in
the fluid phase at 25C. The chemical structures of the lipids and spin-labeled
probes used in this study are shown in Fig. S1 in the Supporting Material.
DPPG has a net negatively charged headgroup from the phosphate moiety,
whereas DOTAP has a net positively charged headgroup from the choline
moiety. The headgroups of DPPC and DOPC are zwitterionic.Preparation of lipid vesicle samples
The lipid stocks were prepared by dissolving dry lipids in chloroform/meth-
anol (4:1, v:v) and mixed at the desired proportions. The solvent was then
evaporated under a stream of nitrogen. The traces of organic solvent were
removed by evacuating the samples under vacuum for 24 h. The dried lipids
were then rehydrated in a DMSO/water solution, which contained various
DMSO concentrations at a temperature>20C of gel-fluid lipid phase tran-
sition temperature with gentle vortexing for 1 h. The MLV samples were
prepared through five freeze-thaw cycles, which consisted of 10 min of vor-
texing at a temperature >20C of gel-fluid transition temperature and
10 min on ice without vortexing. Half of the MLV suspension was used
to prepare the LUV samples. The LUVs were prepared by the extrusion
method using filters with 200 nm pore diameter (Avanti Polar Lipids) above
the gel-fluid transition temperature. The samples were prepared 24 h
before measurements. Deuterated dimethyl sulfoxide (d6-DMSO, 99.9%,
Cambridge Isotope Laboratories) was used for all 1H ODNP and electron
paramagnetic resonance (EPR) measurements.ODNP and EPR experiments
For the ODNP and EPR measurements, a phospholipid spin probe TEMPO-
PC (Avanti Polar Lipids), of which nitroxide radical is attached on theBiophysical Journal 109(2) 330–339
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is 670 mM and 32 mM, respectively. 1H ODNP experiments were performed
at a 0.35 T electromagnet, operating at 14.8 MHz 1H Larmor frequency and
at 9.8 GHz electron Larmor frequency. A 4 mL sample was loaded into a
0.6 mm I.D., 0.8 mm O.D. quartz capillary tube (Fiber Optic Center, New
Bedford. MA) and both ends sealed with beeswax. The capillary was
mounted onto a homebuilt NMR probe with a U-shaped radiofrequency
NMR coil (27). The EPR signal was acquired by a Bruker X-band EMX
EPR spectrometer (Billerica, MA) with a dielectric resonator (model: ER
4123D). During ODNP experiments, the center field of nitroxide hyperfine
transition lines was pumped continuously by microwave irradiation at
9.8 GHz, while the 1H NMR signal was recorded. T1 relaxation measure-
ments were carried out using an inversion-recovery pulse sequence operated
by a Bruker Avance spectrometer in a 0.35 T superconductive magnet or
electromagnet. A standard p/2 pulse length was ~4 ms, and the recycle delay
was 15 s. All the experiments were performed at room temperature.SAXS
50 mg lipid was mixed with 100 mg of a DMSO/water solution. The MLV
sample was prepared based on freeze-thaw cycles described previously.
10 mL MLV sample was then loaded into quartz capillary tubes with a
1.5 mm O.D. and a 0.01 mm wall thickness (Hampton Research, Laguna
Niguel, CA). The capillary was sealed with beeswax and was kept at a tem-
perature >20C of the gel-fluid lipid phase transition temperature for 1 h
before measurements. SAXSmeasurements were performed using a custom
built x-ray diffractometer with a XENOCS Genix microsource (wave-
length: 1.54 A˚ (Sassenage, France)) and a Bruker HI-STAR multiwire
area detector (31). The integrated diffraction data were plotted as a function
of q ¼ ð4p=lÞsinq, where l is the wavelength of the beam (l¼1.54 A˚),
and q is the Bragg angle. The SAXS data were collected at a rate of
0.1/min at room temperature. The repeat distance d of the multilamellar
vesicles was determined from the position of the diffraction peak, following
d ¼ 2p=q. All diffraction patterns were processed and corrected for back-
ground scattering and sample attenuation using FIT2D (32).FIGURE 1 Ratio of water diffusion coefficient Dsurface at membrane sur-
face and bulk water diffusion coefficientDbulk in MLVs (a) and LUVs (b) at
various DMSO molar fraction (XDMSO) at 25
C. (c) The changes in peak-
to-peak linewidth DHpp deducted from the EPR spectra of the TEMPO-PC
attached on the surface of LUVs andMLVs at various XDMSO at 25
C.DHpp31P NMR
LUV samples for 31P NMR measurements were prepared as described pre-
viously. Briefly, LUV suspensions (200 nm diameter) with 32 mM lipid
were used, but were hydrated with a solution containing 10 vt% D2O at a
given DMSO concentration to enable a 2H frequency lock. The homoge-
nized samples were deposited into a 5 mm NMR glass tube (Norell, Land-
isville, NJ). The NMR tube was sealed with a rubber plug and paraffin. It
has been shown that the lipid lamellar phase was preserved and was
randomly oriented with respect to the external magnetic field under the
experimental condition and preparation (33). 31P NMR spectra at 25C
were acquired at a frequency of 161.98 MHz equipped with a Varian Unity
Inova 400MHz spectrometer (Palo Alto, CA) and a 5 mm broadband probe.
Phosphoric acid in D2O was used as an external reference at 0 ppm. The
spectra were recorded under continuous broadband proton decoupling using
the following parameters: a spectral width of 36 kHz; a p/2 pulse width of
5 ms; an interpulse delay of 5 s; 2048 numbers of transient. Each 31P NMR
spectrum was applied to a polynomial baseline correction, and was pro-
cessed with 2 Hz line broadening. The 31P NMR spectral lineshape shown
in Fig. S4 is contributed from a random spatial distribution of bilayers (34).
31P NMR spectra were analyzed using MATLAB (The MathWorks, Natick,
MA) and the matNMR package (35).is inversely proportional to the rotational mobility of the nitroxide spin
attached at the lipid choline. (d) 31P CSA (Ds) of the phosphate group at
LUV surfaces at various XDMSO at 25
C. Yellow areas in (c) and (d) are
the region of low DMSO concentration where ODNP is performed and pre-
sented in (a) and (b). The error bar represents standard deviation of the
parameter estimated from the fitting. To see this figure in color, go online.RESULTS
The local translational diffusion coefficient of water within
10 A˚ of the lipid membrane surface, as denoted by Dsurface,Biophysical Journal 109(2) 330–339was measured by ODNP at various DMSO concentrations at
25C (27). The detailed ODNP method and data analysis
can be found in the Supporting Material. LUVs and MLVs
made of the different types of lipids were investigated, to
verify whether the effect of DMSO on the water diffusion
at lipid membrane surfaces is a general effect, independent
of lipid composition, hydrocarbon ordering, headgroup
charge, and headgroup orientation. A nitroxide spin probe
tethered off the choline group and located 5 A˚ out
from the phosphate group, as a part of the TEMPO-PC
lipid (Fig. S1), was employed at 2.5 mol % of the total
lipid to measure water diffusion within 10 A˚ of the spin
probe at unconfined LUV surfaces, as well as at the
MLV surfaces within the confined interbilayer interstitial
water layer by ODNP (36–38). Control experiments with
smaller TEMPO-PC partitioning down to 1 mol % were
carried out to rule out adverse effects exerted by the probe
itself. The same TEMPO-PC probe was used to monitor
the lipid headgroup dynamics by continuous wave EPR
spectroscopy.
Fig. 1 a presents the ratio of theDsurface value at MLV sur-
faces made of DOPC and DPPC within 10 A˚ of the TEMPO-
PC’s tethered radical (see Tables S1 and S2) and the Dbulk
value determined using free radicals dissolved in bulk
DMSO/water solution devoid of the lipid membrane (see
DMSO Dehydrates the Membrane Surfaces 333Table S3), and that as a function of bulk DMSO concentra-
tion. Notably, the measurements of surface water diffusion
are focused on the regime of XDMSO <0.1, where DMSO
does not influence the bilayer thickness (16–19) and lipid
headgroup rotational motion, as will be discussed later in
this section.
In the absence of DMSO, the Dsurface value at MLV sur-
faces made of DPPC and DOPC was found to be ~7.7 
1010 m2/s, presenting an ~threefold retardation, compared
to the bulk water diffusivity with Dbulk ¼ 2.3  109 m2/s
(39). This retardation is expected as the lipid vesicle surface
is hydrophilic and locally charged (even for zwitterionic
PC), yielding stronger hydrogen bond networks between
water molecules near the lipid headgroups than between
water molecules in the bulk (36–38). When normalizing
Dsurface at MLV surfaces in the presence of DMSO with
Dbulk of the solution containing the same DMSO concentra-
tion, Dsurface/Dbulk is found to be constant for all MLVs
at 0% XDMSO % 0.075 (Fig. 1 a). As already mentioned,
DMSO retards bulk water diffusion up to XDMSO ~0.33 by
forming stronger hydrogen bonds between DMSO and
water (8–11). Consequently, water viscosity increases in
bulk solution with increasing DMSO concentration, as veri-
fied by a decrease in Dbulk measured by ODNP using free
nitroxide radicals in DMSO/water solutions (Table S3).
Therefore, a constant Dsurface/Dbulk value in MLVs with
increasing DMSO concentration suggests that the same
retardation effect of DMSO on water dynamics in bulk solu-
tion is effective in the MLV interstitial, and thus that the
DMSO concentration at the MLV surface within the intersti-
tial is equal to that in bulk solution. Concurrently, the MLV
interbilayer interstitial distance decreases with increasing
DMSO concentration at equilibrium (16–19), implying
that the physical confinement itself does not directly affect
the water diffusivity in the MLV interstitial.
Fig. 1 b presents the Dsurface/Dbulk value at unconfined
LUV surfaces as a function of bulk DMSO concentration.
In the absence of DMSO, the Dsurface value at LUV surfaces
made of DPPC, DOPC, DPPC/DPPG, and DOPC/DOTAP
were around 7.2~7.7  1010 m2/s, similar to that at MLV
surfaces in the interstitials. This result further verifies that
the physical confinement within the MLV interstitials is
not responsible for the retarded water diffusivity observed
at the lipid membrane surface. In stark contrast to the con-
stant value of Dsurface/Dbulk found at MLV surfaces with
increasing DMSO concentrations, the trend for Dsurface/
Dbulk exhibits a clear increase with increasing DMSO con-
centrations at LUV surfaces (see Tables S1–S3 for listed
Dsurface and Dbulk values). These trends of enhanced Dsurface/
Dbulk at LUV surfaces are upheld regardless of the lipid
phase, composition, and headgroup charges. The observed
increase in water diffusivity on LUV surfaces with
increasing DMSO concentration relative to the bulk water
diffusivity in DMSO/water solution implies that the local
surface water experiences a lower viscosity that arisesfrom a weakened solvent interaction within the surface hy-
dration network compared to in bulk solution, in the com-
plete absence of confinement effects at LUV surfaces.
Gratifyingly, we observe the same trend of enhanced surface
water diffusion in the presence of DMSO when DPPC
(LUV) is synthesized under biologically relevant solution
conditions, such as in phosphate buffered saline buffer,
which contains 10 mM PO4
3-, 137 mM NaCl, and
2.7 mM KCl, at pH 7.4 (data presented in Fig. S2).
DMSO at XDMSO ¼ 0.05 enhances the Dsurface/Dbulk value
derived from surface water diffusion of DPPC (LUV)
from 0.31 to 0.57 in phosphate buffered saline buffer, which
is similar to the increase from 0.32 to 0.53 seen in pure water
(see Fig. 1 b). This verification is highly important, as it
points to the robustness and generality of the DMSO effect
on LUV surfaces, and thus is highly relevant to verifying its
cryoprotecting function. Consequently, the displacement of
this lower-viscosity water is energetically facilitated, whose
effect however only results in the eviction of water when a
compressive or attractive force is exerted to this hydration
layer by a closely approaching surface, as found in MLVs.
The molecular model and mechanism of this effect will be
described in detail in the Discussion section.
To explicitly delineate the effects of DMSO on the
ordering of lipid headgroups, the peak-to-peak central line-
width, DHpp, of its first derivative EPR spectrum (Fig. S3)
was used to deduce the rotational mobility of the nitroxide
radical attached to the choline moiety of TEMPO-PC at
various DMSO concentrations (40). Fig. 1 c shows the
trends for the changes in the DHpp value of TEMPO-PC’s
nitroxide probe near the lipid headgroups of MLVs and
LUVs composed of DOPC and DPPC at various DMSO
concentrations. The DHpp values were found to be indepen-
dent of the DMSO concentration at XDMSO<0.1 for all sam-
ples studied here. Conversely, at XDMSO >0.1, the DHpp
value gradually increases with increasing DMSO concentra-
tion, but not to the same extent in all lipid membrane sam-
ples. Additionally, we calculated the order parameters of
surface spin probes incorporated into DOPC and DPPC lipo-
somes and found results that are consistent with that pre-
sented in Fig. 1 c. The detailed analysis of the order
parameters deducted from the EPR lineshape can be found
in Fig. S6. In general, the nitroxide of TEMPO-PC as
embedded in DPPC (gel phase) is more ordered than in
DOPC (fluid phase) at XDMSO >0.1 at room temperature.
Overall, the analysis of DHpp suggests that DMSO does
not affect the mobility of the nitroxide/choline groups at
XDMSO <0.1.
To further examine the effect of DMSO on the structural
ordering of lipid headgroups, the anisotropic motion of lipid
phosphate in DOPC and DPPC (LUV) at various DMSO
concentrations was quantified by the 31P chemical shift
anisotropy (CSA), Ds (Fig. 1 d), measured by the frequency
separation of the low- and high-field shoulders of a static 31P
NMR spectrum (Fig. S4) at ambient temperature. TheBiophysical Journal 109(2) 330–339
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striction in averaging of the rotational motion around the
P-O(glycerol) bond and the wobbling of the headgroup
with respect to the bilayer normal (34,41,42). The trend of
Ds in Fig. 1 d is consistent with that of the EPR DHpp value
(Fig. 1 c), both of which parameters suggest that DMSO
does not alter the overall mobility of PC headgroups at
XDMSO <0.1. Notably, the Ds value found for DPPC is by
30 ppm larger than that for DOPC at 0 < XDMSO <0.3, con-
firming that the anisotropic motion of the phosphate group is
overall slower in the gel phase than in the fluid phase, as
expected. Overall, the nitroxide and phosphate mobilities
are both slower in DPPC than in DOPC, because the area
per lipid of DPPC in the gel phase with 48 A˚2 is smaller
than of DOPC in the fluid phase with 72 A˚2 (see Fig. 2 b)
(43–46).
At XDMSO >0.1, DMSO does begin to restrict the local
mobility of the lipid phosphate groups according to the
increasing Ds values (Fig. 1 d), similar to what was found
for the nitroxide/choline mobility of lipid bilayers from
the EPR peak linewidth (Fig. 1 c). Notably, the effect of
DMSO on the DPPC headgroups at XDMSO >0.1 is much
smaller than on the DOPC headgroups, because the phos-
phate mobility of DPPC is more restricted to begin with.
The important overall finding is that DMSO does not modu-
late the lipid headgroup mobility at XDMSO <0.1, in stark
contrast to DMSO’s direct influence on surface water diffu-
sion observed near LUV surfaces, allowing us to conclude
that DMSO exclusively and directly affects the surface
water at XDMSO <0.1.
When turning to DMSO-induced consequences for
MLVs, our SAXS data show that changes in the repeat dis-
tance in MLV occur mostly at the lower DMSO concen-
tration of XDMSO <0.1 for both DPPC and DOPC
membranes (Fig. 2 a, yellow area), which is consistentFIGURE 2 (a) DMSO concentration dependence of the repeat distance
(d) of DPPC and DOPC MLVs measured by SAXS at 28C. Yellow area
is the DMSO concentration used in the ODNP experiment in Fig. 1, a
and b. (b) Schematic diagram of MLV system. Repeat distance (d), bilayer
thickness (dpp), intermembrane distance (dw), and surface area per lipid (A)
are indicated in the figure. The literature values are cited from (43 and 44).
To see this figure in color, go online.
Biophysical Journal 109(2) 330–339with literature findings (Fig. S5) (16–18). As a control,
D2O was added at the same concentration as DMSO to
the solution of DOPC vesicles, and it was verified that
solvent deuteration does not affect the SAXS results (See
Table S6).
To further understand the mechanism of DMSO affecting
the surface hydration layer of lipid membranes, the effect of
DMSO on the energetics of surface water diffusion is
directly evaluated by measuring the change in activation en-
ergy for surface water diffusion. The activation energy of
water diffusion (Ea) is the effective energy barrier for a
water molecule to diffuse and exchange its physical posi-
tions, which therefore necessarily requires the breaking
and reforming of hydrogen bonds of water with the lipid
headgroups and with other water molecules. Thus, Ea re-
flects on the strength of the dynamic network of water hy-
drating the LUV surface, whereby both the adhesive
interaction between PC headgroups and directly bound
water and the cohesive interaction between water mole-
cules near the surface affect Ea. The Ea value at LUV
surface is obtained by measuring Dsurface as a function
of temperature (T) using the Arrhenius relation (37):
Ea ¼ kB vðlnDsurfaceÞ=vð1=TÞ, with the Boltzmann con-
stant kB. This activation energy reports on the enthalpic
contribution of hydration as diffusion of water does not
involve changes in the entropy of the system, so that it is
not clear how large the entropic contribution is to the bind-
ing free energy of water to the lipid surface. Fig. 3 shows the
Arrhenius plot and the activation energy of water diffusion
at DPPC LUV surfaces at XDMSO ¼ 0.05 and in the absence
of DMSO. Ea of 28.7 kJ/mol at the DPPC LUV surface in
the absence of DMSO is substantially lowered to 21.6 kJ/mol
with XDMSO ¼ 0.05, implying that DMSO weakens the
interactions between water molecules and their local envi-
ronment near LUV surfaces. Specifically, the difference
DEa ¼ 7.1 kJ/mol corresponds to 2.9 kBT at 25C, and
thus is nonnegligible with respect to thermal energy. This
finding corroborates the hypothesis that DMSO facilitatesFIGURE 3 Activation energy (Ea) of water diffusion on the DPPC LUV
surface in the presence and absence of DMSO. The dashed lines are a linear
fit to the Arrhenius equation (Ea ¼ 19.2 kJ/mol for bulk water).
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increase in the Dsurface/Dbulk value with a decrease in Ea
for Dsurface at LUV surfaces in the presence of DMSO offers
experimental evidence that DMSO actively weakens the
dynamic hydrogen bond network. The dehydration in the
sense of physical eviction or reduction of density of water
at the LUV surface does not occur, because headgroups of
LUV face an ocean of water. Crucially, the observation of
an enhanced hydration dynamics at LUV surfaces by
DMSO requires the physical presence and specific preferen-
tial orientation of DMSO at the LUV surfaces, because
isotropic distribution of DMSO in bulk solution is known
to decrease the solvent dynamics (8–11). Thus, DMSO
must be perturbing the hydration water at LUV surfaces at
a low DMSO concentration of XDMSO <0.1 by competing
with and winning over the PC headgroups that also attract
hydration water, by orienting the sulfoxide group toward
the PC headgroups and away from the bulk water solvent.
The effect of the anisotropic DMSO orientation at LUV sur-
faces will be followed up in greater detail in the Discussion
section.
In summary, because DMSO has been found to not
change the membrane structure and headgroup mobility at
XDMSO <0.1, although its effect on the surface water diffu-
sion was found to be significant regardless of the lipid phase
and composition, it can be inferred that at low concentration
(XDMSO <0.1), DMSO directly influences the hydration
water rather than the lipid membrane structure or lipid dy-
namics. This finding implies that the observed compression
of the interbilayer interstitial of MLV is a result of DMSO-
induced dehydration effects. Interestingly, we concluded
earlier that the DMSO concentration in the equilibrated
MLV interbilayer interstitial is equal as in bulk solution,
implying that any preferred DMSO orientation at LUV sur-
faces responsible for the enhanced surface water dynamics
is abolished at MLV surfaces, once the reduced equilibrium
interbilayer interstitial distance is reached upon eviction of
interfacial water.FIGURE 4 Schematic of hypothesized DMSO orientations at DPPC
LUV surfaces that represent a snapshot of the most proximal configuration
between DMSO and the lipid headgroups in a dynamic equilibrium, where
DMSO does not permanently replace the bound hydration water of the PC
headgroups. The DMSO’s sulfur faces to lipid phosphate as represented (1),
whereas the DMSO’s oxygen is mainly taken up by the nitrogen atom of
choline as represented (2). Water molecules are neglected in the figure
for simplicity. To see this figure in color, go online.DISCUSSION
Model for DMSO-induced dehydration at
membrane surfaces at XDMSO <0.1
At the membrane surface, the zwitterionic PC headgroup of
lipids is known to be aligned or slanted nearly parallel to the
surface, with the vector connecting the phosphorus (P) and
nitrogen (N) suggested to be <30 from the bilayer plane,
according to MD simulation (24) and 2H NMR studies
(47). The PC headgroup with the slanted P-N vector can
align with each other by dipole-dipole attraction aligning
neighboring moieties, with both the phosphate and choline
moieties fully hydrated at the membrane surface.
According to neutron diffraction studies (48), the sulfur
atom of DMSO is attracted to the negatively charged phos-phate group, whereas the bulky methyl groups of DMSO
reside in the pocket made of phosphorus and four oxygens,
in a 30 mol % DMSO/water solution in 1,2-dipropionyl-sn-
glycero-3-phosphocholine (C3-PC) lipids. DMSO has also
been reported to partially dehydrate the phosphate group
of DPPC monolayers (13) by replacing the interaction be-
tween water hydrogen and phosphate oxygen with DMSO
sulfur-phosphate oxygen interaction. It has also been
observed experimentally that DMSO can replace water mol-
ecules near the lipid headgroups (13,48), as supported by the
observation that the ratio of DMSO over water coordination
number around the phosphate group is unaltered from the
DMSO/water concentration ratio in bulk solution (48).
This corroborates the validity of our earlier stated postula-
tion that DMSO is assuming an anisotropic orientation
with respect to the LUV surface. Specifically, DMSO may
dynamically replace the hydration water of the phosphate
group and orient itself toward the phosphate with two
methyl groups pointing outward from the phosphorous,
illustrated as option (1) in Fig. 4, which will serve as hydro-
phobic sites for approaching water molecules, in the sense
that direct coordination between the methyl groups and
water will not occur or be weak. In the absence of alternative
opportunities for water to coordinate strongly with nearby
moieties of these methyl groups or to compensate for the
loss of direct hydrogen bonding opportunity otherwise, the
presence of these methyl groups will weaken the hydrogen
bonds in this region. The hydration water near the positively
charged nitrogen of the choline moiety can also be dynam-
ically replaced by DMSO, as facilitated by the attraction be-
tween the choline nitrogen and DMSO oxygen (48). Again,
the two dangling methyl groups of DMSO act as hydropho-
bic sites, unable to directly coordinate with nearby water
molecules, thus weaken the hydrogen bonds surroundingBiophysical Journal 109(2) 330–339
336 Cheng et al.the choline moiety, illustrated as option (2) in Fig. 4. When
the DMSO oxygen is proximal to the choline group of the
lipid headgroup, we propose that DMSO leaves no other
strong hydrogen bonding sites available near choline, and
thus exclude the chance of a balancing rehydration contribu-
tion at the lipid membrane surface. In contrast, when DMSO
sulfur approaches the phosphate group of the lipid head-
group, DMSO oxygen should be left as a strong hydrogen
acceptor, so that nearby water molecules can rehydrate
DMSO oxygen. Our results, however, show that the dehy-
dration effect dominates over the rehydration effect at the
lipid membrane surface, as the Dsurface/Dbulk ratio increases
with DMSO concentration (Tables S1–S3). Taken together,
we postulate that DMSO prefers the orientation that exposes
its methyl groups to bulk water, with two specific configura-
tions shown as options (1) and (2) in Fig. 4, away from both
the phosphate and choline moieties, thereby perturbing the
surface water structure that would be otherwise hydrating
the lipid headgroups. This specific orientation effect of
DMSO at the lipid membrane surface of LUVand the result-
ing restricted motion of the lipid headgroups can be more
effective at lipid membranes with smaller equilibrium area
per lipid, such as DPPC compared to DOPC, as shown in
Fig. 2 b. Taken together, our ODNP results imply that
DMSO reduces the surface hydrophilicity, rather than in-
creases the surface hydrophobicity of the LUV. It should
be noted that the LUV surface is overall well hydrated
and hydrophilic, and that there is no evidence that DMSO
induces the formation of structured or more bound water
on LUV surfaces. Although other scenarios, such as
DMSO-DMSO interactions or nonideal hydrogen bonding
geometries on the lipid membrane surface are possible
that additionally can affect the DMSO-lipid headgroup
interaction, it is necessary to emphasize that the two prefer-
ential orientations for DMSO as hypothesized in this study
(Fig. 4) are the ensemble effect of many possible orienta-
tions of DMSO near the lipid membrane surface. Critically,
DMSO is known to not strongly adsorb to PC headgroups
(49). Thus, a dynamic equilibrium is expected with the
configuration shown in Fig. 4 that presents a snapshot of
one extreme configuration, where DMSO dynamically pulls
at, but does not permanently replace, the bound hydration
water of the PC headgroup.
As LUVs are dispersed homogeneously over the entire
solution, the LUV can be approximated as a single mem-
brane surface model. When two membrane surfaces
approach closely as found in MLVs, they experience addi-
tional forces exerted by the neighboring lipid surface. The
forces at MLV interlamellar spacing include attractive
forces due to van der Waals and electrostatic forces, as
well as repulsive forces due to the hydrated water and hy-
drated lipid headgroups (50). For zwitterionic DPPC and
DOPC lipids, the electrostatic force is thought to be negli-
gible compared with other forces. In any case, the interbi-
layer spacing in MLV is the space at which the attractiveBiophysical Journal 109(2) 330–339force, likely dominated by the van der Waals forces,
matches the repulsive hydration or entropic forces of pro-
truding lipid headgroups, at equilibrium. The question is
whether DMSO reduces this equilibrium interbilayer dis-
tance by increasing the attractive force or decreasing the
repulsive force. DMSO, however, is known to reduce the
van der Waals attraction between membrane surfaces. Spe-
cifically, the Hamaker constant of the van der Waal force
expression for the DMSO/water solution decreases by
30% when the dielectric spectral contribution of the solution
medium is taken into account with increasing XDMSO
from 0 to 0.075 (50–52). Thus, if the reduction in the van
der Waals force was the only contributing factor, the repeat
distance between MLV surfaces should increase. At the
same time, we know that the lipid headgroup dynamics
and structure remain unaffected at XDMSO <0.1, excluding
their effect as a dominant factor. Apparently, DMSO re-
duces the repulsive hydration force more than it reduces
the van der Waals force, resulting in the net effect of a
decreasing repeat distance in MLVs with increasing
DMSO concentration (16–18). By measuring an enhanced
Dsurface/Dbulk and lowered Ea near unconfined LUV surfaces
at XDMSO <0.1, where LUV can be considered as a case
with infinite interbilayer distances, this study offers direct
and unprecedented experimental evidence that DMSO is
weakening the dynamic network of water near the PC head-
groups of LUV by DMSO, rather than simply evicting indi-
vidual water molecules hydrating the lipid headgroups.
Consequently, DMSO at this low concentration exclusively
reduces the repulsive hydration forces at lipid membrane
surfaces, evicts interstitial water between MLV surfaces in
the course of equilibrating at a reduced interstitial water
layer thickness (dw) in the MLV (Fig. 2 b), where the aniso-
tropic orientation of DMSO at the lipid headgroups of MLV
is abolished once equilibrium is achieved. In other words,
the reduced interstitial water layer thickness in MLVs is
the result of DMSO-induced surface water dehydration, so
that at equilibrium the DMSO-water distribution, concentra-
tion, and property as in bulk solution is restored in the inter-
stitial layer of MLVs.Effect of DMSO on the membrane structure and
its biological function
At XDMSO <0.1, DMSO is not penetrating into the hydro-
carbon region (19), but it increases the gel-to-fluid phase
transition temperature to stabilize the gel phase (18). Our
study suggests that the increase in the gel-to-fluid phase
transition temperature at XDMSO <0.1 can only be mediated
by the changes in the dynamic structure of surface hydration
water near the lipid membrane, because neither the mem-
brane thickness (16–18) nor the lipid headgroup mobility
is affected. Notably, DMSO is often used as an efficient
cryoprotectant precisely at this lower concentration regime
(2–5). Although the role of DMSO as a cryoprotectant is
DMSO Dehydrates the Membrane Surfaces 337unclear, it was generally thought that the DMSO lowers the
freezing point of water and causes water to form an amor-
phous glass state (1,2). In this study, we experimentally
and directly verify the dehydration effect of DMSO, as a
result of disrupting the dynamic hydrogen-bond water
near the lipid membrane surface. We postulate that this
perturbation of the surface hydration water network encom-
passes more than just the directly bound water to the lipid
headgroups, and so can effectively mitigate freezing dam-
ages caused by the volume change between ice and liquid
water, when the cell membrane solution is frozen in the
presence of DMSO.
At XDMSO >0.1, the mobility of the lipid choline and
phosphate headgroup starts to become restricted (Fig. 1, c
and d). This effect occurs not only in MLVs but also
LUVs, so that it is not originated from the approaching lipid
membrane surfaces, but from DMSO itself. This lipid head-
group rigidification may come from DMSO-induced lateral
attraction between lipids, as was observed in DPPC mono-
layers at the air-water interface (13). The lipid headgroup
motion is constrained either by the lateral attraction between
lipids induced by DMSO or by the intercalated DMSO be-
tween the lipid headgroups.
It is clear that the physicochemical effect of DMSO on
lipid membrane surfaces is complex and significant at a
broad range of DMSO concentration, whereas the molecular
mechanism of DMSO’s functional effect at higher concen-
tration of XDMSO >0.3 on lipid membranes is yet to be sys-
tematically studied. Our study shows that DMSO not only
clearly affects the lipid membrane, but also directly modu-
lates the hydration water at the lipid membrane surfaces,
whose effect and role must be considered in a unified picture
on the molecular and thermodynamic basis of DMSO’s
effect on biological lipid membranes.CONCLUSIONS
Effects of DMSO on lipid membranes and their hydration
water were studied experimentally by ODNP, EPR, 31P
NMR, and SAXS methods. At a low DMSO concentration
of XDMSO <0.1, surface-specific orientation of the sulf-
oxide group of DMSO causes water bound to the lipid
headgroups of LUV to be pulled away and/or dynamically
replaced by DMSO, without affecting the lipid headgroup
dynamics and structure. More importantly, DMSO’s
preferred orientation at the LUV surfaces results in the
two DMSO methyl groups facing the water solvent phase
and perturbs a broader population of water that span a
network of water hydrating the lipid headgroup, which in-
cludes water beyond the individual water molecules
hydrogen bond to phosphate or choline moieties. The
weakening of a hydrogen bond network of water observed
near LUV surfaces by DMSO is in stark contrast to the
known effect of DMSO of fortifying the hydrogen bonds
with water in bulk solution. We observe this effect on thesurface of both liquid-crystalline and gel phase LUVs,
although a stronger effect is observed with gel phase
LUVs. This effect of DMSO as manifested in enhanced
surface water diffusivity and lowered diffusion activation
energy at LUV surfaces is no longer observable at MLV
surfaces, once equilibrium is reached at a reduced MLV in-
terbilayer distance and after the fragile surface waters are
expelled, where the physical property of bulk DMSO/water
solution is restored in the interstitial. It should be noted that
it is challenging to directly measure DMSO orientation on
the LUV surface—in fact, we cannot think of an adequate
experimental approach that is applicable to LUV surfaces
under dilute solution conditions. Thus, we provide a hy-
pothesized molecular model in Fig. 4, as derived from
our experimental observation, that can be tested in the
future to provide a molecular understanding of DMSO’s
effect at LUV surfaces. We suggest DMSO prevents freeze
damage of the cell membrane by perturbing the water
network hydrating the immediate cell surface to minimize
water volume change between ice and liquid water that
otherwise cannot easily yield to structural changes and
cell death during freeze-thaw.SUPPORTING MATERIAL
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